I. INTRODUCTION
Silicon detectors during the last dccadc have found a wide range of applications in radiation oncology. This has been greatly assisted by the developincnt of detector systems for high energy physics (HEP) in which inany advances have bccn made in the areas of radiation hardness and low noise multi-channcl readout integrated systems.
In ceitain applications silicon based dctcctors offer significant advantagcs particularly with regard to spatial resolution. A new high spatial resolution silicon based rnicrodosiineter has bccn developed using silicon-on-insulator (SOI) technology. The developineiit of B low noise implementation of this device and experiments at two proton therapy facilities will be discussed. Experimcnts wcre conducted at thc Proton Medical Research Center (PMRC) at University of Tsukuba, KEK, Japan, using a 250 MeV proton beam and at thc Northeastern Proton Tlicrapy Center (NPTC), Boston using a 230 MeV proton bcam.
Proton therapy is a very important radiation oncology inodality for the treattncnt of deep-seated tmnors [ 11.
Currently, many HEP accclerator centers snvolved in medical programs have dedicated bcams for proton therapy and heavy ion therapy. The key advantage of proton therapy lies in thc local delivery of dose at high depths in tissue due to the specific energy losses of high-energy protons in matter (Bragg peak).
Protons interact with matter by continuous slowing down as R rcsult of Coulomb collisions with electrons and nuclei, by Uremsstrahlung radiation loss, and by nuclear reactions. The Coulomb interactiori with electrons is the predominant mechanism for energy loss and is typically described by the electronic stopping power or LET of the proton [ 2 ] . Radiation loss is negligible for the energies of interest in proton therapy. Howevcr, nuclear reactions have a significant effect on the proton beam characteristics. The probability that protons will undergo a nuclear interaction whilst traversing 1 gm/cmz is around 1% and after 20cm 1 in 4 protons will have suffercd a nuclear interaction. A NIST report by Seltzer [3] and summarized by Millcr [l] describes the interactions and products. Approximately 21% of the energy lost in slowing down a 250 MeV proton beam in water is due to nonelastic nuclear reactions. This fraction drops to around 4% for a 70 MeV beam. The fraction of energy converted to various reaction products when protons interact with oxygen-16 nuclei is shown in Tablc 1 . Thus nuclear interactions affect the identity and energy dislribution of the secondary particles and decrease the number of primary protons in the bcam. 
METHODS

A. New Silicon Microdosimeter
The silicon microdosimeter consists of a SO1 diode array test structure fabricated by Fujitsu Research Laboratories Ltd. [ll] . The application requires:
1. An accurately defined sensitive volume (region of charge collection). Minimization of charge collection complexity in particular diffusion and funneling effects.
2. An array of identical diodes to improve collection statistics. Microdosimetric studies of proton beams have been performed by several investigators [4-91. Typically, a spherical proportional counter containing a low pressure tissue equivalent gas is used to obtain the spectrum of energy deposition events [IO] . The millimeter resolution required in the Bragg peak region is not achievable using such a counter which normally has a diameter of 1-2cm. The large size of the counter also creates problems with pileup effects during high DC current operation or when the proton beam consists of large currents produced in nanosecond to microsecond pulses. Measurements of microdosimetric spectra using a proportional counter have been reported with count rates as low as 350 counts/sec still exhibiting multiple events due to the large size of the counter [7] . Therefore, proton microdosimetry requires small microdosimeters with high spatial resolution (<lmm) and small collection areas along with a short collection time in the tens of nanosecond range.
Analysis of the time structure of the beam is important for correct measurements of microdosimetry spectra. 
4.
Capable of measuring an LET down to about 1 keV/pm.
Above this value of LET the radiobiological effectiveness begins to rise above 1.
An ideal silicon based microdosimeter collects charge in a reverse-biased p-n junction diode via drift driven separation of electron hole pairs in the depletion region. In reality, charge collection is complicated by additional charge collection via diffusion from outside of the depletion region. By using SO1 structures, we preclude any charge collection from beneath the SO1 layer due to the underlying insulating layer of SiOz. Such a design creates a sensitive volume of well-defined depth. The SO1 diodes test structures were fabricated on bonded SO1 wafers with thickness 2, 5, and 10 pm. In addition, a bulk device (no SOI) was fabricated. Several diode array structures are available on each device. For this study, the 10 pm SO1 device was used. The array consisted of 120x404800 diodes with each diode having a junction size of 10xlOpm. The total size of each diode cell was 3Ox30pm giving an array area of 0.044 cm2. Note that all diodes in a given array are connected in parallel. The n+ and p+ silicon layers with dcpths 0.2 and 0~5 pm were constructed by arscnic and boron implantations at 30kcV and 5x10'5 cm". Thc impurity concentration of thc P typc silicon was 1 SXI 0 ' ' cm? The dcvice is packaged in a 28 Pin DIL ceramic carrier. Figure 1 shows thc ovcr-layer and detailcd device crossscction whilst Figure 2 is a SEM photogaph of a portion of the sinall m a y .
The scnsitivc volume of thc device and its radiation hardncss wcre detcnnincd by alpha spcch'oscopy and iontnicrobcam experimcnts using methods outlined in previous work by 11s 1121. Thc device bias was set to 1OV SO that the depletion depth is approximately 3 p~. Hence the 10 pm SO1
is not fi~lly deplcted 2nd charge collectimi occurs via diffusion as \vcll as drift processes. For the 10 pm device, thc charge collection efficicncy was found to vary from about 0.79 in regions most distant from a diodc junction to 0.86 in thc centcr of a junction werc drift collcction is strongest. This rclativcly small variation is a result of thc large minority carrier diffusion length (61 pm) in comparison to the ccll dimcnsions (30~30x1 Opni). Therefore, thc collcction cfficicncy may bc reasonably approximated by a constant value o f 0.82.
Microdosimetric spectra require an estimate of the detectors mcan chord Iciigth. An accurate valuc of thc mean chord lcngth may bc obtained via Monte-Carlo simulation methods which kilnsport the protons and other charged particles through the cxperiinental setup and determine thc path lcngth travcrsed through thc device. Aowevcr, a rcasonable first ordcr approximation assumes that thc beam is largely normal to the diode surface in which casc we may approximate the mean chord length as 8.2pm.
Two differcnt probe: assemblics arc used in this work corresponding to diffcrent stages itl the project development:
Prototype assembly #1: This probe was the first asscmbly constructed and consists of thc microdosimcter packagc inserted into a machincd Lucite holder with a 1 m coaxial cable connecting the detector to a Canberra 20031' charge scnsitivc preamplificr {CSA) as shown'in Figure 3 . Noisc was miniinized by encapsulating the cntire microdosimctcr probe in an aluminum foil shielding which was thcn connected ta thc coaxial cable ground. This also ensured that thc chip did not receivc any light, which generates significant noise via surface photo-generation.
An 8-meter coaxial cable links the preamplificr to a Canbcrra 2024 Fast Spcctroscopy ainplificr. Thc output of this amplificr is a voltage pulse whosc amplitude i s proportional to the cnergy deposited in the scnsitivc volume o f the microdosinleter. Note that the microdosimeter collccts chargc generated by the traversal of an ion through the dcvicc's scnsitivc volume. The charge collected is proportional to thc encrgy deposited, as it requires 3. G eV to generate an electron hole pair in silicon. The pulse hcight from each went is digitized a i d stored using a PC based Multi-Channel Analyzer (MCA).
A two-point calibration of this system was performed using a polonium-210 alpha spectroscopy source with dpha peak energy of 5.301 MeV and an Amcricium-241 alphagamma source. Thc 60 kcV gamma peak of the Am-241 source was uscd as a low encrgy rcference point to ensure a good estimation of system offset. The diode array was replaced by a silicon ion implantcd detector of similar capacitance, which collecis charge corrcsponding to the total encrgy of the alpha particfc.
Unlike a proportional countcr, thc silicon diode array does not require a high voltage supply. The supply voltage iised in thesc experiments varied from IO to 20V reverse bias. Prototype assembly #2: The noise performance of the first prototypc could be significantly improved by rcmoving thc lOOpF capacitancc added by the detector to CSA cable and improving shielding to gain immunity to external clectromagnctic ficlds (particularly RF interfcrencc). Thc second prototypc assembly, based on a printed circuit board dcsign, uses an AMPTEK A250 radiation-hard CSA in closc proximity to the detector. All components werc selected specifically to minimize noise based on our detector characteristics. A system view of the low noise prototype is shown in Figure 4 . Following standard noise analysis methods such as presented by Delaney and Finch [13] keV. The difference may be attributable to additional leakage current on the PCB board, variation in transistor specifications and imperfect shielding of the detector from external noise sources. Given that lower level discriminator settings are typically twice the FWHM we may expect to be able to measure down to around 1.1 k e V / p with this device. The optimum value of noise would involve paralleling several FETs such that the detector and input capacitance matched and also adjusting the shaping time to 0.5 ps. A noise level of around 300 e rrns or 2.5 keV could then be obtained. Calibration of this low noise prototype is performed as per the older prototype discussed earlier. 
B. Presentation of Microdosimetric Spectrum
The multi-channel analyzer provides a spectrum of the number of events recorded at different energies. The energy deposited by each event is divided by the mean chord length given previously as 8.2 Fm to give the lineal energy (y). To convert to tissue equivalent microdosimetric spectra the mean chord length of the silicon device is simply scaled by a factor of 1/0.63. A previous paper by Bradley [ 151 has addressed the issue of tissue equivalency of silicon based microdosimetric measurements for BNCT [16, 171 . The results are also applicable for energy deposition through coulomb interactions by higher energy protons. This work demonstrated that under appropriate geometrical scaling (0.63) silicon detectors with well known geometry will record energy deposition spectra representative of tissue cells of equivalent shape. Note, that the study neglected nuclear reactions. In this paper, with an emphasis on device operation, we present all results based on the silicon mean chord length.
The dose distribution is then given by d(y)= y f(y) where f(y) is the lineal energy probability density distribution calculated from the number of events in the lineal energy range interval dy and d(y) is the dose probability density distribution [lo] . This relationship simply reflects the fact that higher lineal energies deposit a higher dose. We are interested in quite a wide range of lineal energies from lkeV/pm to several hundred keV/pm. In this range the relative biological effectiveness begins to increase above unity. Therefore, microdosimetric spectra are traditionally presented in a log-linear format, which requires further scaling to preserve the dose to area correspondence.
In summary, all microdosimetric spectra are presented in the standard yd(yl= y2f(yl versus Log@) format, The ordinate is displayed as ydb) on a linear-log plot since
J 4 Y M Y = I n ( w J Y 4 Y ) d ( l o g Y )
and this integral is proportional to the dose deposited in the interval dy. Presented in this way, equal areas under different regions of the function ydh) correspond to equal doses.
C. Proton Therapy Facility at PMRC-Tsukuba
The proton therapy facility at PMRC uses the KEK 500 MeV booster synchrotron as a beam source [ 181. This source was originally designed for HEP experiments and since the energy and intensity are too high for medical applications, the beam energy is degraded down to 250 MeV using carbon based degraders. Additional filters reduced this to 200 MeV for these experiments. In contrast to the NPTC facility, this synchrotron produces 50 ns pulses with an initial 2x109 protons per pulse. The time interval between pulses is about 1 second in parasitic beam mode and 0.05 seconds for medical treatment. In full beam mode, the dose rate is about 200 cGy/min. Note that the protons/pulse is the same for both parasitic mode and full treatment mode.
The initial beam intensity is reduced by the carbon degrader followed by a collimator such that around lo4 protons/pulse are transported to the medical beam line. Then the beam is momentum filtered and shaped for a 10 ~1 0 cm' field. Thus, the beam intensity is around 4 proton/pulse/device which is much higher than at NPTC. This beam presents a difficult experimental challenge even when using the small area of the silicon based microdosimeter. Clearly, the high luminosity of this beam prevents the use of a proportional gas counter for microdosimetry due to strong pile up effects. Note that reducing the beam current does not reduce pile up effects since it usually involves a reduction in the frequency of pulses rather than the number of protons per pulse.
However, to reduce the protons per pulse one can control the momentum slit width (X) and vertical slit width (Y) which are typically set to 150 and 30 mm respectively.
D. Experimental Setup at PMRC-Tsukuba
The microdosimeter was placed in a 15x15~30 cm3 Lucite phantom constructed of 2.5 cm blocks. Such a construction allowed the placement of the detector at different positions along the beam line axis. To avoid pile-up and ensure a constant energy the momentum slit was fixed at X=3 mm whilst the vertical slit was varied from Y=30 to 2mm. Microdosimetric spectra at a depth of 17.5 cm were recorded at various values of vertical slit width to determine the settings required to remove pile-up effects. The acquisition time for the measurements was 600 seconds. Measurements at various depths in the Lucite phantom were then performed having found the beam setup which eliminated pile-up. The integral depth-dose was measured by a MOSFET detector.
E. Proton Therapy Facility at NPTC-Boston
The new proton therapy facility at NPTC utilizes a 230 MeV beam extracted from a isochronous cyclotron [ 19, 201 . The accelerator was built by Ion Beam Applications (IBA), Belgium and has a maximum current of 1.5 pm which is .
hardware limited to 300 nA in order to limit the maximum dose rate to the patient. After extraction from the cyclotron the beam passes through the Energy Selection System (ESS) designed to give a beam of any energy between 70 and 230 MeV with a user defined momentum width and emittance. The ESS uses a rapidly adjustable rotating variable thickness of graphite. Slits are provided just after the energy degrader to reduce the beam divergence to AE/E<+I%. The facility uses a range modulator filter to create the desired spread in the proton Bragg peak. A double scattering system using a fixed scatterer and a second non-uniform thickness scatterer produce a beam with uniform intensity in the lateral profile over a 10x10 cm2 field size.
The NPTC cyclotron operates in continuous wave mode using a 106 MHz RF frequency. Acceleration of protons occurs within 10-15 degrees of the RF wave. The time structure of the beam is therefore semi-DC with a duty-cycle of about 10% (30ded330deg). A typical treatment beam is 2 nA equivalent to 1.25 x 10" protons/second. So in a single RF cycle of 9.4 ns there are 11 8 protons spread over 0.8 ns.
For the case of a 10x10 cm2 field size (obtained using a double scattering method) we can expect 1.2 p/cm2/cycle. Under these conditions, a microdosimeter should have a small cross-sectional area and fast collection time.
F. Experimental Setup at NPTC-Boston
The microdosimeter selected has an active cross-sectional area of 0.044 cm'. The minimum amplifier shaping time available was 0.25 ps and the Ortec pile-up reject system was employed to eliminate conversion of pile-up pulses. Note that decreasing the amplifier shaping time further would increase noise to unacceptable levels. In order to maintain a reasonable dead-time (less than about 20%) we require less than 1 proton per 1.25 vs striking the detector. Such a requirement may be fulfilled using a beam current of 0.25 nA in which case we expect 0.7 p/ps/(device area). In practice, higher beam currents (up to InA) could be employed without excessive dead-time and distortion of the spectra due to pileup events. The quick calculations performed above do not include losses of beam current due to scattering outside of the beam field.
The microdosimeter was placed in a Scandtronix water tank (Model RFA-300 Plus) which enabled rapid remote adjustment of the detector position. The detector position was aligned with the center of the beam and microdosimetric spectra were recorded at various distances from the beam side wall of the tank. At each depth, spectra were recorded using two different gains to provide adequate dynamic range in the final merged spectrum. Initially the beam current was adjusted to ensure that the spectra were not corrupted by pileup events. The typical acquisition time was 600 seconds.
In addition, measurements of the depth-dose profile in the water tank were performed using a Markus ionization chamber. Measurements were made every 0.3 cm for the range 0-30 cm along the beam axis.
The proton beam was setup with the energy degrader in pass though position and the ESS configured to provide the full cyclotron energy of 230.5 MeV with an AE/E of 0.18%. The cyclotron energy is attenuated by the items identified in Table 3 so that the final energy (calculated using SRIM code [21] ) of protons entering the water is 191.5 MeV. 
RESULTS
A. Microdosimetric Spectra at PMRC-Tsukuba
The depth-dose curve obtained using a MOSFET detector placed at various depths in the Lucite phantom are shown in Figure 6 . The advantageous characteristic of a MOSFET dosimeter is the extremely small dosimetric volume (-lpm) defined by the gate oxide thickness [22, 231. High spatial resolution measurements are achievable in the Bragg peak regions. However, the response of the MOSFET is dependent on the particle LET and angle with respect to the oxide electric field. Further investigation and comparison studies should be performed to compare the depth-dose derived fiom ionization chambers versus MOSFETs.
The microdosimetric spectra obtained as a function of depth in Lucite is shown in Figure 7 . The data obtained using the prototype assembly # 1 exhibited significant environmental noise problems particularly when the beam RF was turned on. It is expected that the second prototype with its significantly improved shielding will avoid such difficulties. The lineal energy could not be obtained below 8 keV/pm due to the high noise levels. This was the motivation for development of the low noise prototype. Despite the limited clinical utility of the incomplete spectrum, we may still verify the capability of the device in terms of high countrate performance.
The vertical slit was adjusted down to 2 mm from the normal value of 30 mm in order to avoid pile-up. 
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1000. various depths in a watdr phantom. Range-of proton is approximately 23.7 cm. As we approach the Bragg peak the contribution to dose of higher lineal energies increases, which is in agreement with results obtained at NPTC. The results indicate that the low noise prototype applied to similar beam conditions should be capable of measuring the microdosimetric spectrum down to 1.2 keV/pm without significant pile-up complications.
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B. Microdosimetric Spectra at NPTC-Boston
The microdosimetric spectra obtained as a function of depth at NPTC are shown in Figure 9 . One first notes the significantly improved noise performance of the low noise prototype in comparison to measurements made at PMRC. Measurements were obtained down to the noise level of about 1.2keVJpm. The depth-dose curve obtained using the Markus chamber and the microdosimeter measurement positions are shown in Figure 10 . At depths less than 20cm the microdosimetric spectrum is dominated by high energy protons and gamma contributions which both have an LET below 2 keV/pm. As we approach the Bragg peak, the LET of the protons rises as seen by the increase in the mean lineal energy. Note the step decline in the microdosimetric spectra at around the maximum LET of protons of 78 keV/pm. Dose contributions are evident at lineal energies about the maximum proton LET due to nuclear reaction products such as alpha particles and heavy ion recoils. As we exceed the maximum range of the protons the higher lineal energy components contribute a relatively higher proportion of dose. At 30cm, well past the Bragg peak, the spectrum is comprised totally of neutron reaction products including recoil protons, alpha particles and heavy ion recoils.
Pile up and perturbation effects were avoided due to the small area (0.04 cm2) of the total pixel array. The detector was coupled to a radiation-hard charge sensitive amplifier with the probe assembly capable of measuring a LET down to 1.2 keV/pm. The device offers much improved spatial resolution compared with a proportional gas counter particularly in the critical high dose region around the proton Bragg peak.
We have demonstrated a new approach to microdosimetry in radiation oncology using a silicon SO1 p-n junction array applied to proton therapy beams. Low noise, small size and good radiation hardness facilitate the application of this device in radiation oncology.
